This study aims at casting new light about the knowledge of the metallurgical techniques developed by the Etruscan and the Romans during their political and cultural interactions in Central Italy. The analysis of two weapons found at the Etruscan sites of Vetulonia and Chiusi have pointed out some new information about the production process performed. The optical microscopy analysis has allowed to identify the sequence of the microstructural constituents present in the two ancient weapons. SEM-EDS has permitted to identify the chemical composition of the non metallic inclusion and to estimate the average temperature of the reduction process. The analysis of the metal matrix performed by a coupled argon plasma spectrometer permitted to measure the average chemical compositions of the studied alloys. SEM-EBSD analysis has allowed to identify the crystallographic textures present within the different zones of the sword blades and this has indicated the realization of a forming process that gave interesting mechanical properties to the metal products. The results obtained by the Etruscans artisans were of very high standard quality and their production system had been certainly assimilated by the Romans who found in them a strategic factor to increase their power.
Introduction
The study of the interactions among different cultures can be performed through the systematic and precise study on the archeological findings. They can witness the presence of trade contacts among different peoples but also the contamination among their cultures and their techniques of productions. One of the most interesting phenomenon of assimilation of one people by another is the relation between the Etruscans and the Romans, in which the second ones finally conquered the political predominance but developed not only the exploitation of the Etruscan mines but also went on to perform and to improve the reduction and the forming techniques which would have been fundamental to produce the weapons, a strategic aspect to grant the Roman power. The analysis and the evolution of the techniques could be identified not only by the external aspects i.e. macroscopic shape, but also through the examination of the chemical-physical and crystallographic aspects of the archeological findings, which are strictly related to a well developed and consolidated production process. Particularly, the aspects related to the process of plastic forming need a precise set of the working parameters (i.e. temperature, thickness reduction) to produce repeatable and advantageous crystal orientations within the metal products.
The study performed by Panseri [1] [2] [3] on some different sword blades produced by the Etruscans and dated in a temporal range between the 7th and the 3rd century B.C. represents a reference investigation for understanding the skills and the techniques adopted by the metallurgical artisans of the Central Italy in those centuries. The two investigated sword blades were discovered at Vetulonia and at Chianciano, near the famous Etruscan settlement of Chiusi.
The most ancient investigated finding is the bended blade coming from the necropolis of Vetulonia ("Lama Falcata di Vetulonia") which has been dated at the 7th century B.C., while the sword blade found at Chianciano ("Daga di Chiusi") was probably produced during the 3rd century B.C., although precise information about this blade is not available because it had belonged to a private collection until 1915 and then the Italian Republic bought it with the burial stone and the fragments of ceramic vases coming from the same Etruscan tomb site. The ceramic objects and the tomb stone have allowed an almost precise indication of the date of production which can be stated at the 3rd century B.C. The study performed by Panseri is one of the first to realize a systematic description of the techniques applied, from the pattern welding to other not completely understood methods featuring the steel blades [4] [5] [6] [7] realized by the Etruscans and then by the Romans in the Western world. The conclusions stressed in the former investigations have certainly allowed a first good and interesting description of the main steps and features of the operations followed to produce the sword blades and to strengthen them, including the fascinating process of the pattern welding which joined the high and the low carbon steel strips. On the other hand, the modern techniques can allow to reach more precise quantitative information about the metallurgical process through the application of SEM-EDS-EBSD analysis. This last one allows to achieve multiple aims that cannot be obtained by the techniques used during the former investigations performed by Panseri: the identification of the chemical composition of the metal matrix, of the trapped slags and of the non-metallic inclusions embedded in the sword. The quantitative measurements and the thermodynamic elaboration of the compositional data permit to investigate the equilibrium relating slags-non metallic inclusion-steel 8) that can provide the possibility of a reliable estimation of the most probable temperature characterizing the reduction process. Moreover, on the basis of this investigation it is possible to formulate new hypothesis about the role of the slags during the welding process. On the other hand, some aspects related to the progressive enrichment of the carbon content found along some blades that had not been produced through this last technique, is not yet clarified, i.e. the EBSD (Electron-Back-Scattered-Diffraction) measurements 9) point out the crystallographic structure featuring the different layers of the sword blade identifying the statistical distribution of the orientations assumed by the metal crystals contained in the observed alloys. The preferential orientation of the crystals (textures) and their distribution in the different welded strips and in the different positions of the same strip can cast a new light about the temperature parameters adopted by the plastic deformation process as well as around the mechanical properties featuring the final products which strongly depend on the crystallographic arrangements. In the present study the analysis of the textures has been developed to determine the Orientation Distribution Function (ODF) 10) of the crystals and the texture misorientation. 11) This last indicates the average orientation difference along the grain boundaries, which is closely related to the phase transformation and the ricrystallization process induced by the implemented thermal patterns. The articulation of this study has been structured in order to associate the results of the techniques that nowadays are considered traditional with the new investigation techniques, in order to improve the information about the processes used for the construction of the sword blades produced during the Etruscan and the Roman period in Central Italy.
Experimental Procedure
The sword blade from Vetulonia is 58 cm long, while the one from Chiusi is 40 cm long.
On the basis of the state of conservation it is possible to formulate an approximate reconstruction of the original shapes of those weapons. Two specimens were sampled from the blade coming from the necropolis of Vetulonia, which are cut 160 mm (called SPV1) and 190 mm (called SPV2) far from the blade side, while the sword blade of Chiusi was cut 125 mm (SPC) far from its blade side.
The surface which underwent the traditional optical microscope analysis and the SEM (Scanning Electron Microscope) one were prepared in a traditional way. The EBSD (Electron Back Scattered Diffraction) has been performed on surfaces which are polished by the use of colloidal silica which permits to obtain an average roughness of 0.05 mm.
The SEM observations on the non etched surfaces permit a good detection of the non metallic inclusions and the quantitative measurements of their chemical compositions by EDS (Energy Dispersion Spectroscopy). The precise measurements of the elements contained in the metal matrix have been performed through a spectroscopy analysis by inductively coupled argon plasma spectrometer.
The examination of the structural constituents had been performed by the application of the metallographic etchings. The specimens of the sword blade from Vetulonia have been etched by immersion in Nital 1 (1 % HNO 3 , 100 ml ethanol) for 5 s, while the ones belonging to the sword blade of Chiusi were etched by immersion in a solution of Picral (2 g C 6 H 3 N 3 O 7 and 100 ml ethanol) for 7 s followed by a successive immersion in Nital 1 for 7 s. The etched surfaces had been observed through optical microscopy and SEM observations. The identification of the development of the adjacent strips has been performed through the use of a optical stereo-microscope on the etched surfaces. This technique can assure the simultaneous focusing of the plane at different steps, although it cannot generally assure significant magnifying.
The crystallographic orientations have been identified through EBSD analysis on the different welded layers and on the different positions of the surface section of the cut specimens. These tests allow to point out the crystallographic textures and analysis of the grain boundaries.
The Vickers micro-hardness has been performed through the use of 50 g weight applied for 15 s to evaluate the strength of the detected structural constituents.
Results
The two sword blades appeared very damaged because of the presence of significant corrosion phenomena which have greatly oxidized and destroyed also the area of the blade section perpendicular to the longitudinal axis.
The Sword Blade from Vetulonia
The observations realized through the stereo-microscope allowed to point out the structure composing the blades which are distinguishable by the sharp chromatic difference featuring the section.
The examinations performed by the stereo-microscope on the whole sections of the specimens of the sword blade from Vetulonia allowed the clear recognition of the welded strips of the steels featured by different carbon contents.
The chemical analysis performed by the spectrometer equipped by inductively argon plasma has revealed that within the regions characterized by the presence of perlite there is an average presence of carbon of 0.15-0.25 % in the SPV1 and SPV2 from the sword blade of Vetulonia, while the strips featured by a nearly complete presence of ferrite are characterized by an average carbon content of 0.05-0.07 %. The average silicon content of the sword from Vetulonia is of 0.01 %, while the aluminium one is 6 · 10 Ϫ4 % and manganese one is 0.05 %. In the SPV1 and SPV2 the non metallic inclusions are mainly represented by aggregates of two very distinguishable phases,a dark one of FeO · SiO 2 and a clear one rich in FeO x .
The Al 2 O 3 is present in solution with an average weight concentration of 4.8 %. The inclusions present in this sword underline the separation among the strips featured by different structural constituents and these inclusions are characterized by an increase of the FeO x content which reaches an average value of 91 %.
Although the corrosion process has widely compromised the integrity of the lateral zone of the sword through significant oxidation process, the organization of the steel strips near the blade in the two swords has pointed out the presence of five welded layers: a central core and two lateral layers with a significant presence of perlite and two ferritic layers embedded among the first ones.
On the other hand, the pattern welding among different strips can be well determined also from the evaluation of the sword back, where in the sword from Vetulonia sharp bands of non metallic inclusions are evident. The structural constituents revealed by the metallographic etchings show the presence of ferrite and perlite within the section of the blade from Vetulonia. The measured hardness performed on SPV1 has confirmed the data obtained by Panseri [1] [2] [3] because at a distance of 19 mm from the back of the sword the ferritic strip zones of the weapon have revealed an average value of 131 HV while the zones interested by the presence of perlite and acicular ferrite assume values of 217 HV. On the contrary, at 42 mm (nearest the original blade) from the back side of the analysed section the average measured values of the hardness are 209 HV.
The EBSD measurements have been discussed on the basis of ODF at j 2 ϭ45°which is the most significant section in the space of the orientations for the body centred cubic lattice. The crystallographic investigation revealed the induction of several crystallographic orientations and misorientations within the different regions of the blade sections.
The indication of texture components is realized by a couple of three indexes, the first one indicating the plane parallel to the section plane and the second one identifying the direction of the lattice perpendicular to the one linking the back of the sword with its blade. The revealed crystallographic textures in the sword from Vetulonia are characterized by components {113}͗332͘ and {111}͗231͘ at the centre of the back side of the sword blade, and the last component is very sharp also in the lateral region of the back side. The other sharp component revealed at the centre of the section and near the blade are {111}͗110͘. The misorientations of the same sword reveal a structure well annealed in the central zone and in the lateral one of the back side, while within the blade there is a significant increase of the boundaries featured by higher relative angles of orientation indicating a structure in which the grain growth process, after the beginning of the ricrystallization, has not gone forward enough to minimize the relative angle among the boundaries as it has happened in the back region of the sword. The Neumann lines have been pointed out in the ferritic grains belonging to the back of the sword.
The EBSD examination has pointed out that the Neumann lines are a macroscopic evidence of the occurrence of twinning within the ferritic grains which have surely undergone a cold forging operations.
The Sword Blade From Chiusi
The metallographic structure revealed on the etched surface shows a well defined sequence of the structural constituents. The non metallic inclusions embedded in the sword from Chiusi are prevalently of FeO · SiO 2 as in the sword of Vetulonia, but they appear to be saturated by nearly pure SiO 2 which indicates the saturation of the inclusional system by SiO 2 . Less frequent is the presence of nearly pure SiO 2 .
The frequency of the non-metallic inclusions characterized by a high FeO x content (Ͼ75 %) is 21 % of the observed population which is less than a half of the one re- vealed in the sword from Vetulonia and they are not localized in zones characterized by certain positions, morphological features or in correspondence of the transition from a structural constituent to another one. The most interesting feature of the observed structural constituents is the increasing content of carbon from the back side of the sword to its blade.
The sequence is very sharp and well defined along the direction linking the back of the sword to the blade: a complete ferritic structure in the back side of the sword, the ferrite grains surrounded by clusters of spheroidal cementite followed by the combination of ferrite grains with the perlitic ones, whose volume fraction becomes progressively higher and in the positions nearest the original blade a strong prevalence of the perlite. This is an evidence of the increasing carbon content along the section of the sword. It is worth noting the presence of the well defined ferritic bands which appear within the perlitic structure near the original blade and are featured by the presence of large ferrite grains.
The carbon content of ferrite varies in the range of 0.05-0.08 % while its average content in the region nearest the blade shows a value of 0.35-0.4 %. The silicon content assumes an average value of 0.01 %, the aluminium one is 8 · 10 Ϫ4 % and the manganese one is 3 · 10 Ϫ3 %. The measured micro-hardness is consistent with the observed variation of the structural constituents: the completely ferritic grains assume values between 140 HV and 165 HV, the zone characterized by the presence of ferrite surrounded by spheroidal cementite is featured by microhardness oscillating between156 HV and 197 HV, the region with the contemporary and nearly equal presence of ferrite and perlite grains assumes values between 211 HV and 228 HV and the nearly complete perlitic structure on the blade region reaches the highest values in the range of © 2005 ISIJ Table 2 . Main elements revealed in the non metallic inclusions belonging to the sword from Chiusi. Fig. 16 . Sequence of the structural constituents found along the axis connecting the back side of the sword from Chiusi with its blade region. As in the sword from Vetulonia, the EBSD examination has pointed out that the Neumann lines are a macroscopic evidence of the occurrence of twinning within the ferritic grains which have surely undergone a cold forging operations.
The EBSD performed has revealed very sharp g-fiber in the region near the blade and a very strong component {111}͗121͘, the presence of components {110}͗001͘ (Goss), some less intense components featured by {110}͗120͘ and the ones containing {115} planes.
The misorientation measurements point out a completely recrystallized and annealed structure in the central zone in the back of the sword, but the growth process seems not to have gone on in the regions featured by the finer grain size. The misorientation of the central region of the sword section seems to be characterized by a less annealed structure for the presence of a greater concentration of the higher relative angles among the lattice of the adjacent grains.
Discussion
Interesting information about the reduction process can be obtained through the correct elaboration of the data related to the equilibrium involving metal-slag-non metallic inclusions. The main oxidation reactions that have to be considered to reach the information for the determination of the average temperature of the reduction process are: where DG is the free energy associated to the reaction, R is the constant of perfect gas, T is the absolute temperature. The variation of the free energy associated with reaction has been computed on the basis of (10) has to assume the same value at the equilibrium. Provided the data of the activities of the other species by the experimental results, the only variable is the temperature that influences the constant of equilibrium of the reaction. Thus, the temperature is modified simultaneously in both equilibrium constants and when expressions provide the same oxygen activity, the correspondent temperature can be assumed as the one at which the reduction process has been performed. For the sword from Vetulonia a temperature of 1 163°C has been computed, while for the sword from Chiusi a temperature of 1 237°C has been stated on the basis of this procedure. These computed temperatures do not reach the melting point of FeO · SiO 2 (1 470°C) and the one of FeO x which is included between 1 371°C and 1 424°C. On the other hand, the higher thermal state of the bloom from Chiusi could improve the slag extraction because it can increase the softening of the materials. If the dating of the examined swords is reliable, it will be possible to point out that an important aspect of the evolution of the reduction process of iron ores since the 7th until the 3rd century B.C. seems to be related to an increase of the average temperature of the reduction process that can be estimated in an increase of about 70Ϭ80°C.
The Sword Blade from Vetulonia
The revealed organization in five different layers represents a clear example of a pattern welding sword which had been damaged by the corrosive process which destroyed by oxidation the outer strips on a large area of the side regions themselves. The modern observations seem to confirm the hypothesis formulated by Panseri [1] [2] [3] about the original configuration of the different welded layers.
The non metallic inclusions due to the trapping of the reduction slags and the inclusions formed or modified during the welding process can be distinguished by the higher FeO x content of the non metallic inclusions located on the boundary among the different strips. The shown increase of that oxide is probably due to the further oxidation realized during the performing of the welding process. Thus, this indication offers a good tool to identify the number of the welded strips through the determination of the number of non metallic inclusion series aligned to separate the different strips. It is possible to suppose that the long and aligned series of non metallic inclusions featuring the line of separation along the strips are the residual of the iron oxidized layers formed on the surface just before and during the forging welding operation. The oxidized layers were softened and deformed during the forging operations which realize a friction welding process among the different strips.
The observed textures with a presence of {111} planes of the cubic lattice in a position perpendicular to the blade direction should grant an increase of the toughness in the bending deformation often experienced by the swords during their working, although the detrimental presence of components featured by {113}. 14) These texture components are certainly caused by a plastic deformation followed by a phase transformation from austenite to ferrite. The favourable components featured by {111} planes are formed by high deformation temperature and little austenite grains.
15) The fine austenite grains are certainly due to the ricrystallization process which is activated after the application of deformation characterized by specific strain rate. It is possible to evaluate critically the possible thermal state induced during the forging-welding process. The analysis of the reduction process of the sword from Vetulonia has shown that the furnace and the combustion process performed in them can permit to achieve an average reduction temperature just under 1 200°C. During the forging operation the strips interested by the plastic deformation develop the enthalpy through which a large part of the applied work can be dissipated. The thermal increase related to the plastic deformation can be estimated in 120-140°C, but among the surface of the different strips further heat can be developed by the friction which implies an increase of about 100-120°C. The sum of those different contributes can permit the localized solid joining of the steels through a process analogous to the modern friction welding process. This seems to be proved also by the fact that the misorientation measurements indicate that the core did not undergo a complete growth of the recrystallized grains as the highest value of the relative angle characterizing the distribution of the misorientation witnesses. On the contrary, the outer layers seem to have experienced a more complete annealing process. This can be probably due to the fact that the heat development had mostly interested the layers which are most strained by the contacts with the working tools. These layers are certainly the ones belonging to the outer strips and the surface between the ones near the surface separating the strips. So, the misorientation of the core strips presents a higher value of the relative angles among the adjacent grain crystals than the ones shown by the outer ones. This analysis involving the grain boundaries shows the particular misorientation of the core which is certainly due to a different thermal distribution within the adjacent layers. The core did not undergo a ricrystallization and annealing process. The strengthening operation has been increased in the sword blade from Chiusi through a rapid cooling which produces acicular ferrite. Although the ancient artisans did not know this crystallographic aspects, they had certainly found the thermal pattern realized on these friction welded structure very suitable and reliable for such a type of weapons. Actually, the fracture cracks find a great obstacle in the boundary characterized by a relative angle larger than 15°, because they meet a crystal orientation too different from the one in which they are propagating. 16) Thus, the reliability of the core of the metal system formed through pattern welding after repeated cycles of stress application appears to be certainly more granted.
The presence of the Neumann lines is the macroscopic evidence of the occurrence of plastic deformation realized by twinnings and not by sliding.
The twinnings in the ferrite can form only after the a violente plastic deformation and so they indicate a clear role of this operation in the hardening of the ferrite low carbon strips as a final strengthening operation.
The Sword Blade from Chiusi
The observations point out that this blade has not been produced by pattern welding because a more reliable explanation can be found in the forging of a steel produced by a bloom featured by a varying carbon content. Another possibility related to this carbon gradient can be the performing of a carburising process which has been formerly proved in other findings 1) which permitted the possible reconstruction of this process. The presence of the observed sharp ferrite band within the perlitic structure is due to the elongation of a little volume of ferrite during the plastic deformation. The starting reducing bloom has a gradient of the carbon content which has been exploited to modulate the micro-structure and the related mechanical properties. The absence of revealed patterns of the welding is indicated also by the richer FeO x non metallic inclusions and this corroborates the hypothesis that this sword has not been realized by the pattern welding technique. The textures induced in the sword show a high presence of component with {111} and {110} plane contained in the plane of the analysed section. These components can increase toughness during the bending deformation that occurs when the blade is in its working condition. The misorientation measurements show that at the centre of the blade section and in region of finer grain size near the back side, the statistical distribution of the relative angles tends to be concentrated on angles greater than 15°.
The particular misorientation of the finer grain size at the centre of the blade section is certainly due to a different thermal distribution realized by the thermo-mechanical cycles imposed by the plastic deformation. On the basis of the evaluation formulated for the sword from Vetulonia it is possible to state that the outer layers undergone a thermomechanical cycle which is around 100Ϭ150°C higher than the core ones.
As pointed out for the sword from Vetulonia, the presence of the Neumann lines is the macroscopic evidence of the occurrence of plastic deformation realized by twinnings and not by sliding. The twinnings in the ferrite can form only after the cold plastic deformation and so they indicate a clear role of this operation in the hardening of the ferrite low carbon strips as a final strengthening operation.
Conclusion
It is surprising that although the ancient Etruscan artisans do not have a deep knowledge of the basic principle related to the physical and mechanical metallurgy they succeed in realizing very interesting products as the two examined swords. Particularly, the most ancient sword from Vetulonia represent a typical example of the pattern welding techniques which has a strong analogy with the friction welding process, while the samples taken from the sword found at Chiusi seem to have been realized starting from a reduced bloom characterized by gradient in the carbon content. It cannot be excluded that this carbon gradient has been realized through a carburising process which can cast a new bright light on the experience developed by the Etruscans and then by Romans in the thermochemical treatments.
The present study has permitted to:
(1) identify the production process used to realize the two analysed swords: the one from Vetulonia dated to the 7th century B.C. has been produced by the welding pattern process through the welding of strips characterized by different carbon content and so by different structural constituents, while the sword from Chiusi dated to the 3rd century B.C. seems to be realized through the forging of a single bloom, or portion of bloom, interested by a carbon gradient along the direction connecting the back and the region of the blade (this gradient could be realized also through the implementation of a carburising process);
(2) the thermodynamic computation about the equilibrium involving the system composed by metal-non metallic inclusions-slag has allowed to estimate the average temperature reduction process which has been stated at 1 163°C for the sword from Vetulonia and at 1 237°C for the one from Chiusi; (3) the chemical composition of the non metallic inclu- 
